Abstract We propose a modified version of the three-step estimation method for the latent class model with covariates, which may be used to estimate a latent Markov (LM) model with individual covariates and possible dropout. We illustrate the proposed approach through an application finalized to the study of the health status of elderly people hosted in Italian nursing homes. This application is based on an LM model which accounts for informative missing responses and dropout due to the death of a patient. In the analysis of this dataset, which is also characterized by a large number of response variables and covariates, we found the proposed three-step approach more stable with respect to the standard maximum likelihood method.
Introduction
The evaluation of nursing homes is assuming a role of increasing relevance due to the rapid growth of demand for long-term care services for elderly people. This evaluation is usually based on the repeated administration of questionnaires aimed at measuring the quality-of-life of the patients. In this context, we analyze longitudinal data coming from a survey, named ULISSE, concerning the evaluation of the health status of elderly people hosted in Italian nursing homes. The questionnaire administered to collect the data is made of a large number of polytomous items.
A common problem in the analysis of longitudinal data as those described above is that subjects may drop out before the end of the study. Moreover, missing responses may occur, especially when the number of items is large. Ignoring the mechanism generating missing data and dropout may lead to biased estimates; see [5] and [6] . In particular, in the present application it is plausible that patients with severe health conditions are less likely to respond to some items.
Motivated by the availability of the ULISSE dataset, we propose an extended version of the latent Markov (LM) model of [9] for polytomous items, where both the initial and transition probabilities of the latent process depend on time-constant and time-varying covariates. The proposed model also allows us to account for missing responses to a subset of items, and for missing observations to all items due to the death of a patient. For this model, we propose an estimation approach which may be seen as an extension of the three-step estimation method for the latent class (LC) model with covariates [8] . The need of this new estimation method is due to the instability of the standard maximum likelihood method for the LM model that we encountered in the presence of many response variables and covariates. Moreover, it allows for fast estimation of the model parameters.
We recall that, when applied to the LC model with covariates, the three-step estimation approach consists of first fitting a basic LC model for the set of response variables ignoring the covariates. Then, the subjects are assigned to latent classes on the basis of their posterior class membership probabilities. Finally, the association between class membership and individual covariates is investigated through the estimation of a suitable multinomial logit model. In particular, we propose a modified version of this approach in which every sample unit is not strictly assigned to a latent state at each occasion and this latent state can change across time. In this way, even the parameters affecting the transition probabilities of the latent Markov chain may be estimated.
In the following section we present the extended version of the LM model. In Section 3 we illustrate the proposed three-step estimation approach. Finally, in Section 4 we briefly describe the main results of the application to the ULISSE dataset.
Latent Markov model with covariates and missing responses
iJ ) denote the vector of J response categorical variables for subject i and occasion t, i = 1, . . . , n, t = 1, . . . , T i , and let x (t) i be the vector of corresponding time-constant and time-varying covariates; each response variable has l j categories, indexed from 1 to l j . Note that we do not restrict the panel data to be balanced, as a different number of occasions may be considered for every subject, and we let T be the expected number of occasions of observation, so that T i < T when the unit drops out from the study. We also denote by Y i the response vector for subject i, made of the union of the vectors Y 
i j is equal to 1 when the response of subject i to item j at occasion t is not observed and to 0 otherwise.
Model assumption
The main assumption of the LM model is that of local independence, which is formulated by requiring that, for i = 1, . . . , n, and t = 1, . . . , T i , the components of Y 
are conditionally independent given U i . For i = 1, . . . , n, the latent process U i is assumed to follow a homogeneous firstorder Markov chain with state space {1 . . . , k}, initial probabilities π i (u) = P(U
We allow these probabilities to depend on the individual covariates through the following parameterizations:
where γ γ γ 11 = 0 to ensure model identifiability.
is based on the probabili-
We also introduce the parameters
(t) i = u) corresponding to the probability that subject i in latent state u at time t does not respond to item j. Both sets of parameters are assumed to be independent of the time occasion t.
The extended version of the LM model we propose allows us to account for two types of missing data: (i) missing response to a subset of items; (ii) missing observations for all items due to the death of the patient. In order to deal with the first type of missingness, we introduce the condition of latent ignorability, as defined in [3] , which is formulated by requiring that the random vectors M
are conditionally independent of the random vectors Y
, we can easily prove that the adopted model may be reformulated as an ordinary LM model for response variables having an extra category indicating when the response is not observed. Moreover, in order to deal with the dropout of the subjects, we introduce an additional binary item which assumes value 1 if there is a dropout of the subject at the corresponding occasion of the questionnaire administration, and 0 otherwise, so that the final number of items is J + 1. Then, we estimate an extra absorbing latent state corresponding, in our application, to the dead patients, so that the final number of states is k + 1, and, therefore, certain transition probabilities are suitably constrained.
Modified three-step latent class approach
Given the complexity of the study, due to the large number of items, covariates, and missing data, we propose to estimate the model by means of a modified version of the three-step LC approach described in [8] . In particular, the procedure is based on the following steps:
1. Estimate a basic LC model for the set of response variables in which the responses provided by the same subject at different occasions are considered as corresponding to separate sample units. On the basis of this preliminary fitting, we estimate the conditional response probabilities, λ i j|u (y), and the probabilities of missing response, η i j|u , for i = 1, . . . , n, j = 1, . . . , J, u = 1, . . . , k, and y = 1, . . . , l j .
Estimate the posterior class membership probabilities w (t)
i (u) = P(U (t) i = u|x i , y i ), with y i denoting a configuration of Y i . In particular, for every i = 1, . . . , n and t = 1, . . . , T i , we computeŵ i (k + 1) = 0. On the other hand, for every subject i such that T i < T , we letŵ
3. Estimate the parameters β u0 , β β β 1u , γ 0uv , and γ γ γ 1u . For this aim, we maximize the following weighted multinomial log-likelihoods:
where β β β is vector of all parameters in (1) and γ γ γ is that of all parameters in (2).
Although the theoretical properties of the proposed version of the three-step LC approach have to be investigated in detail, we noticed that when there is a considerable amount of information provided by the data, such as in the ULISSE study, this approach provides reliable estimates and is more stable with respect to the standard maximum likelihood estimation.
Application to the ULISSE dataset
The ULISSE project ("Un Link Informatico sui Servizi Sanitari Esistenti per l'Anziano" -"A Computerized Network on Health Care Services for Older People") is aimed at studying the health status of elderly patients who currently receive health care assistance in Italy; see [4] . The project was carried out by a Research Group established by the Italian Ministry of Health and the Pfizer private firm. In the analysis here presented, we consider only data regarding elderly patients hosted in 26 nursing homes.
The project is based on a longitudinal survey that has been carried out since 2004. The patients were evaluated at admission and then re-evaluated at 6 and 12 months after the admission. The interval of time between consecutive administrations of the questionnaire is approximately of six months but, due to the possibility of discharge or death of the patients, the number of occasions is not constant across patients. For our analysis, we consider only the dropout due to death; the resulting sample includes 1087 patients.
The original questionnaire is made of 75 polytomously-responded items, with categories generally ordered according to increasing difficulty levels in accomplishing a certain task or severeness of a specific aspect of the health conditions. These items are grouped into eight different sections of the questionnaire, concerning: The proposed LM model allows us to include individual covariates. In particular, we consider, among the time-constant covariates, the patient's gender and dummy variables for coding the nursing home to which the subject belongs to, whereas, among the time-varying covariates, we consider age and time interval between occasions. Note that the dummy variables indicating the facility hosting each patient are included so as to evaluate the performance of each nursing home. This enables the model to take into account the multilevel structure of the data.
Main results
We first estimated the basic LC model for the set of response variables, as defined in the first step of Section 3, for an increasing number of latent states. According to the Normalized Entropy Criterion (NEC) of [1] , we selected k = 5 latent classes; on the other hand, the Bayesian Information Criterion (BIC) of [7] leads to choosing a larger number of classes, but it is well known that this number may be excessive, especially since many latent classes are unordered.
From the estimated conditional response probabilities we observe that the latent states do not have the same ordering with respect to the different sections of the questionnaire. This result confirms the multidimensional structure of the health status of elderly people. However, the first state can be interpreted as that of patients with the best health conditions (with respect to all the pathologies measured by the sections of the questionnaire, apart from Dental Disorder), while the fifth state corresponds to cases with the worse health conditions for almost all the pathologies. Intermediated states show a different case-mix depending on the conditional response probability pattern. On the basis of the estimated non response probability we observe that the fourth state is characterized by the highest probability of miss-ing response for all sections of the questionnaire and in particular for Humor and Behavioral Disorders.
Once the parameters for the initial and transition probabilities are estimated via the three-step approach, the estimated transition matrices show a quite high persistence in the same state. Female patients present a higher probability of persistence with respect to male patients. Patients classified in the fourth state at time t have a higher probability of transition, at time t + 1, toward the fifth and the sixth states, corresponding to severe health conditions and to death, respectively. The same can be said for patients that are in the fifth state at time t, which present a quite high probability of death at time t + 1. We also note a very low probability of transition from higher to lower states, meaning that it is quite unlikely an improvement of the patients' health conditions.
On the basis of these results, it is possible to evaluate the performance of nursing homes with respect to their ability to retain, over time, patients in the states corresponding to higher levels of quality-of-life. This evaluation may have important implications on the system of financial support for long-term nursing homes.
